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EXPERIMENTAL EVIDENCE FOR OPTICAL POPULATION OF THE X MINIMA IN GaAst

R. C. Eden, J. L. Moll, and W. E. Spicer
Stanford Electronics Laboratories, Stanford University, Stanford, California

(Received 8 March 1967)

Electrons photoexcited in P++-GaAs (with Cs surface monolayer) are found to "ther-
malize" in either the I' or X conduction-band minima while diffusing to the surface.
Two strong peaks separated by 0.3 eV of photoemitted electrons associated with these
minima are observed in the energy distribution curves for 1.5 eV- hv —3.2 eV.

Scheer and van Laar' have obtained remark-
ably large photoemission quantum yields from
vacuum-cleaved single-crystal p++-GaAs cov-
ered with a monolayer of Cs. A very striking
characteristic of this photoemission is the high
yields in the infrared where the absorption length
is quite long (I/n & 5000 A). Scheer and van
Laar' suggested that due to a very small or
negative effective electron affinity, '~' electrons
optically excited deep in the GaAs are able to
diffuse to the surface and escape into vacuum
even though they are thermalized8 into the low-
est conduction-band minimum in the process.
We have substantially reproduced their quan-
tum yield measurements and report here en-
ergy-distribution measurements and theoret-
ical calculations which confirm their general
model; however, we have found experimental-
ly that for hv& 1.7 eV an increasing fraction
of the emitted electrons are associated with
the X minima rather than 1" minimum.

Considering the exponential attenuation of
light into the crystal and the diffusion of pho-
toexcited electrons to the surface, it can eas-
ily be shown4 that the quantum yield should be
given by

Y(hv) =P/(I+ 1/nL),

where for the case of emission of thermalized
carriers, P is the probability that an electron
arriving at the edge of the band-bending region
will escape into the vacuum, L is the diffusion
length for the excited electrons, and o.'is the
optical absorption coefficient. Using measured
absorption-eoeffieient data from the literature,
the Scheer and van Laar yield data could be
fitted by taking the probability of escape I' as
0.6, and the diffusion length L as -1500 A.
The yield data we obtained can be fitted by Eq.
(1) using a, diffusion length of -500 A.

The energy distribution curves normalized
to yield' for photoemitted electrons for vari-
ous photon energies in this portion of the spec-
trum are shown in Fig. 1. Figure 1(a) shows

the distributions from 1.4 to 2.2 eV and Fig.
1(b) from 1.8 to 3.2 eV. For photon energies
from threshold (1.35 eV) to 1.6 eV, the ener-
gy distributions are practically identical, aside
from magnitude, showing a single peak corre-
sponding to a final energy of about 1.4 eV (all
values of energy given are relative to the top
of the valence band). At a photon energy of
1.7 eV, a higher energy shoulder begins to ap-
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FIG. 1. Energy distributions for photoemitted elec-
trons for photon energies between 1.4 and 3.2 eV. The
distributions have been normalized to quantum yield.
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pear, which develops into a clear peak at a
final energy of 1.7 eV at higher photon ener-
gies. At photon energies above 2 ~ 1 eV, the
higher ener gy peak predominate s, with the high-
energy peak much stronger for photon energies
above 3 eV.

The explanation for this behavior in the en-
ergy distributions is shown in Fig. 2, which
shows a simplified picture of the electronic
ba.nd structure of GaAs (eftects of spin-orbit
splitting in the valence band are now shown and
only the lowest conduction band is included). ~

For photon energies below 1.7 eV, excitation-
escape process is illustrated by the arrow la-
beled (a, ) in Fig. 2. The electrons are excit-
ed to the region of the I conduction-band min-
imum and they are thermalized in that minimum,
giving rise to the 1.4-eV peak of emitted elec-
trons. At photon energies above 1.7 eV, how-
ever, an additional process, marked (b) in the
figure, can occur. In this process the electron
is again excited to the region near I, but is
then scattered into the vicinity of the X conduc-
tion-band minima and "thermalized" there.
The 1.7-eV peak reflects this accumulation
of electrons in the X minima. The 1.7-eV peak
grows with increasing photon energy despite
the fact that the electrons are not directly ex-
cited into the X minima for A & ~ 3.2 eV Rath-
er, they are being excited into higher energy
states. 6~' Future work will be directed at ob-
taining more detailed information on the scat-
tering events involved here. There is no clear
sign of transitions to the L minima in the da-
ta. Considering the fact that strong scattering
of electrons from the L minima to the lower
lying high densities of states associated with
the X minima would discourage the accumula-
tion of electrons in the L minima, this is per-
haps not surprising.

In summary, these measurements indicate
that the high quantum yields observed for ce-
siated p++-GaAs in the threshold region are
indeed due to the emission of thermalized elec-
trons which have diffused to the surface; how-
ever, it is found that the photoexcited electrons
may be thermalized in either the I' minimum
or X minima of the conduction band. This al-
lows for the location of the X minima approx-
imately 0.3 eV above the I minimum. The im-
plications from the absolute yield and the num-
ber of electrons that appear in each peak of
the energy distributions is that the "diffusion
length" ot' electrons in each sub-band is compa-
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FIG. 2. Schematic of the GaAs band structure near
the energy gap showing the relevant excitation-escape
processes. For photon energies below 1.7 eV, the
electrons thermalize in the I' minimum before escap-
ing into vacuum, while for larger photon energies, an
increasing number "thermalize" in the X minima.

rable and is of the order of 10 ' cm in this
work. The relevance of this work to the com-
plete understanding of the Gunn effect is recog-
nized and future work will be directed towards
a fuller understanding of aspects directly re-
lated to the Gunn effect and other phenomena
related to the population of higher lying conduc-
tion-band minima.
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Comparison of experimental results for cyclotron-resonance measurements above and

below the Reststrahl frequency reveals anomalies attributable to polarons.

We have observed a discontinuity in the mag-
netic-field dependence of the cyclotron-reso-
nance energy in InSb which can be attributed
to polaron effects. Because the transitions
studied in the present experiment are between
conduction-band Landau levels, the polaron
theory developed earlier' can be expected to
apply directly and quantitatively to the data.
In contrast, quantitative interpretation of the
interband magnetoabsorption data obtained pre-
viously is complicated by valence-band and
exciton effects. Our present data, however,
confirm the essential correctness of attribut-
ing the interband anomalies to polaron effects
and constitute the first direct observation of
polaron effects on Landau levels.

It has been previously suggested' that the
experimental investigation of cyclotron reso-
nance in polar materials for frequencies above
and below the Reststrahl frequency could be
expected to show characteristic self-energy
effects associated with the electron-I 0-pho-
non interaction. Our recent theoretical exam-
ination of the polaron in a magnetic field has
shown that (1) the experimental cyclotron-res-
onance energy, hvCR~, which is a linear func-
tion of magnetic field at low fields, should sat-
urate at the value of the LO phonon energy,
8~0, as the magnetic field increases; (2) a
second resonance, whose energy, h vCR2, is
never less than @+0, should appear at higher
ma.gnetic fields; (3) kvcR2 should lie above
the position expected from the extrapolation
of h vCR] from the low-field region.

Experimentally, we have examined the vari-
ation with magnetic field of the cyclotron-res-
onance energy of electrons in InSb for photon

energies above and below @~0. The separation
~ CR2 from the extrapolation of A vCR

clarly demonstrated. In addition, our measure-
ments are consistent with predictions (1) and

(2) above. The observation of cyclotron res-
onance for photon energies arbitrarily close
to S~, is hindered greatly by lattice absorption.
The results of the present experiment are con-
sistent with our previous study of the corres-
ponding energy levels using interband magne-
toabsorption, '~' where the lattice absorption
problem does not arise. The latter results
show more clearly effects corresponding to

(1) and (2) but contain complications due to ex-
citons and to valence band behavior.

Consider the predictions of Frohlich's polar-
on theory. The energy of a conduction electron
in the presence of weak coupling to the longi-
tudinal optical phonons and in the limit of small
k can be calculated using simple perturbation
theory and is given by

E = 1-—-ek+o,
e

where me is the electron effective mass, and

n is the coupling constant (defined in Ref. 4)
with characterizes the strength of the interac-
tion. Polaron effects show up as an increase
in effective mass by the factor (1++/6) and

a downward shift of the energy levels by an

amount +@~0. For InSb the former effect would

be quite small (increasing the band mass by
&0.5%) and o.'8+0=0.02&&24=0.5 meV. In the
absence of much more accurate knowledge of
the rigid-lattice band structure than is pres-
ently available, these effects could not be ver-


